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ABSTRACT

We present Sunyaev-Zeldovich effect (SZE) imaging observations of three dista@tq ) and highly X-ray
luminous clusters of galaxies, Cl J1226.8332, Cl J0152.71357, and MS 1054:40321. Two of the clusters,
Cl J1226.9+3332 and Cl J0152:71357, were recently discovered in deB@SAT X-ray images. Their high
X-ray luminosity suggests that they are massive systems, which, if confirmed, would provide strong constraints
on the cosmological parameters of structure formation models. Our SZE data provide confirmation that they are
massive clusters similar to the well-studied cluster MS 10583R1. Assuming the clusters have the same gas
mass fraction as that derived from SZE measurements of 18 known massive clusters, we are able to infer their
mass and electron temperature from the SZE data. The derived electron temperat@.8s;are3.755 , , and
10.4'35 keV, respectively, and we infer total masses~&x 10" h;5, M within a radius of 65(340h, kpc)
for all three clusters. For Cl J0152:1357 and MS 105440321, we find good agreement between our SZE-
derived temperatures and those inferred from X-ray spectroscopy. No X-ray—derived temperatures are available
for Cl J1226.9+3332, and thus the SZE data provide the first confirmation that it is indeed a massive system.
The demonstrated ability to determine cluster temperatures and masses from SZE observations without access
to X-ray data illustrates the power of using deep SZE surveys to probe the distant universe.

Subject headings: cosmic microwave background — cosmology: observations —
galaxies: clusters: individual (Cl J01521357, Cl J1226.93332, MS 1054.40321) —
techniques: interferometric

On-line material: color figure

1. INTRODUCTION microwave background (CMB) radiation that results from pas-
sage through the thermally ionized gas permeating a galaxy

The existence of galaxy clusters at high redshift can place cluster is given by

powerful constraints on the physical and cosmological param-

eters of structure formation models (Bahcall & Cen 1992; Lup- AT K
pino & Gioia 1995; Oukbir & Blanchard 1997; Donahue et al. —thermal — £ () BGZTJ n.T,dl,
1998; Eke et al. 1998; Haiman, Mohr, & Holder 2001). The Tewe m.C

greatest leverage is provided by the most massive and distant _ .

clusters (e.g., Viana & Liddle 1996). Two distant and highly X- WhereTeyg is the microwave background temperature (2.7 K),
ray luminous clusters were recently discovered in dROBAT oy is the Thomson scattering cross section, apdn, , ,Bnd
X-ray images: Cl J1226:93332, a cluster at redshift = are the electron mass, d_en5|ty, and temperature. The frequ_ency
0.89 was discovered in the Wide-AngROSAT Pointed Survey ~ dependence of the SZE is representedi(py  ; in the Rayleigh-
(WARPS; Ebeling et al. 2001; Scharf et al. 1997). Cl Jeans limitf(v) = —2 . We use the SZE to determine the mass
J0152.7-1357, at redshift = 0.83 , was detected in ROSAT of C1 J1226.9-3332 and Cl J0152:71357 using the methods

Deep Cluster Survey, the Serendipitious High-Redshift Archival developed by Grego et al. 2001; in addition, we present inter-
ROSAT Cluster survey, and WARPS (Della Ceca et al. 2000; ferometric SZE data on MS 1054-4321, a cluster of known
Romer et al. 2000; Ebeling et al. 2000). Based on their X-ray temperature and mass at= 0.83  (Gioia & Luppino 1994;
luminosities [ (0.5-2 keV)= 2 x 10* h;2, ergs §], these Donahue et al. 1998; Hoekstra, Franx, & Kuijken 2000), which
clusters are thought to be highly massive, which, if confirmed, provides a standard against which the newly discovered clusters

will provide significant constraints on cosmological models €an be compared. _ Lo
(Bahcall & Fan 1998). The SZE observations and data analysis are described in

In this Letter, we present interferometric imaging of the § 2, and the conclusions drawn from these data will be found

Sunyaev-Zeldovich effect (SZE) in these clusters, which pro- in 8 3. Throughout this Letter, we parameterize the Hubble
vides a measure of the gas pressure integrated along the lin€onstant in terms df,q, , whete, = 100 h,,, km’sMpc™,
of sight (Sunyaev & Zeldovich 1972; Birkinshaw 1999). The and we use the cosmological parametélrs = 0.3 and

change in the observed brightness temperature of the cosmiél = 0.7unless otherwise stated. Uncertainties are reported at
the 68% confidence level.
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L1



L2 IMAGING MASSIVE CLUSTERS OF GALAXIES ATz>0.8 Vol. 551

TABLE 1
CLUSTER OBSERVATION LoG

POINTING CENTER

ON-SOURCE
(J2000) INTEGRATION TIME
CLUSTER NAME REDSHIFT o 1) (hr)
Cl J1226.9-3332....... 0.89 12 26 58.0 333245 41.6
Cl J0152. 71357 ...... 0.83 0152 43.0 —1357 29 27.8
MS 1054.4-0321...... 0.83 10 56 59.5 —03 37 28 43.0

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination
are degrees, arcminutes, and arcseconds.

# Pointing center coincident with X-ray cluster center from Ebeling et al. 2001.

® Pointing center coincident with X-ray cluster center from Ebeling et al. 2000.

¢ Pointing center coincident with optical cluster center from Gioia & Luppino 1994. The
ROSAT/High Resolution Imager X-ray center is at"2@8"586, —03°37'36" (Neumann &
Arnaud 2000).

ters with sensitive centimeter-wave receivers optimized for SZE were not bracketed in time by phase calibrator data (mainly at
measurements (Carlstrom, Joy, & Grego 1996). Our receiversthe beginning or end of a track), data for which the phase cal-
use cryogenically cooled 26—36 GHz high electron mobility tran- ibrator indicated poor atmospheric coherence, and, rarely, data
sistor amplifiers (Pospieszalski et al. 1995), with characteristic with spurious correlations.
receiver temperatures df, ~11-20 K at the 28.5 GHz fre-
guency used for these observations. The cluster pointing centers 2.2.Data Analysis
and on-source integration times are given in Table 1.

The interferometric measurements of Cl J122&63332 and
Cl J0152.71357 were made at the BIMA interferometer in
1998 and 2000 with nine 6.1 m antennas in a closely packed
configuration to maximize sensitivity to the SZE, with &6
FWHM primary beam and baselines ranging from 0.6 to
14.3 K\ (6—140 m). Typical system temperatures, scaled to above
the atmosphere, are40-45 K in an 800 MHz band centered at fil
28.5 GHz. Observations of a bright phase calibrator were inter-
leaved with cluster measurements every 25 minutes, and Mar
was used for amplitude calibration (Rudy 1987; Grego et al.
2000). The MIRIAD software package (Sault, Teuben, & Wright
1995) was used to calibrate and edit the visibility data and to
output the reduced data in UVFITS format for subsequent r2\ -3
analysis. N.(r) = Ng (1 + —2) : 1)

The interferometric measurements of MS 10540821 were "
made at the OVRO millimeter array in 1996 June with six ) .
10.4 m antennas in a closely packed configuration, with2a 4 Where the core radius  anilare shape parameters, amgd  is
FWHM primary beam and baselines ranging from 1.0 to the central electron num_ber density. With this model, the SZE
12.0 K (10-120 m). Typical system temperatures, scaled to {emperature decrement is
above the atmosphere, afé5 K in two 1 GHz channels centered A 2352
at 28.5 and 30.0 GHz (2 GHz total bandwidth). Observations AT(6) = AT, (1 + 9_) @)

. . . . 0 ]

of a bright phase calibrator were interleaved with cluster mea- 2
surements every 24 minutes. The MMA software package (Sco-
ville et al. 1993) was used to calibrate and edit the visibility data wheref = r/D, 0. = r./D, ,D, is the angular diameter distance,
and to output the reduced data in UVFITS format for subsequentand AT, is the temperature decrement at zero projected radius.
analysis. We determine the best-fit point-source positions and fluxes,

We flagged data from baselines when one of the telescopesas well as the cluster centroid, using a simplex algorithm that
was shadowed by another telescope in the array, cluster data thahinimizes thex? statistic (Reese et al. 2000). We fix the cluster

In order to properly model the cluster, we must account for
any point sources in the field. To identify these point sources,
we used DIFMAP (Pearson et al. 1994) to produce a high-
resolution image, using only data from baselines longer than
20 m. The resulting synthesized beam sizes, rms noise levels,
and point-source detections are given in Table 2.

We perform a quantitative analysis of the observed SZE pro-
es by fitting isothermaB models (Cavaliere & Fusco-Femiano
31976, 1981) and point-source profiles to the interferometric data
directly in the Fouriery, v)-plane, where the noise characteristics
and the spatial filtering of the interferometer are well understood.
The spherical isotherm@ model density is described by

[

c

TABLE 2
RaDIO POINT SOURCES

Synthesized Beam

(ro,> 2 kN) Aa Ab Observed Flux  rms Noise
Cluster Name (arcsec) (arcsec) (arcsec) (mJyy (mJy beam®)
Cl J1226.9-3332....... 14.1x 16.1 260.0 —39.3 1.73 0.152
Cl J0152.7#1357 ...... 13.7x 23.1 0.221
MS 1054.4-0321...... 17.4x 23.3 0.1 14 0.98 0.092
17.4 x 23.3 —-161.0 1.9 0.63 0.092
17.4 x 23.3 —-25.5 —86.9 0.35 0.092

#Uncorrected for primary-beam attenuation.
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Fic. 1.—Synthesized images of the SZE decrement in Cl J1228332, Cl J0152.71357, and MS 1054:40321. Left panel: Synthesized image of Cl
J1226.9-3332, obtained by applying a Gaussian taper with a half-power radius aftd ke u-v data, yielding a resolution d39'3 x 874 at position angle
(P.A) = 32. Contours are multiples of 29Qly beam® (1.5 0), and the rms is 199.Jy beam®. Center panel: Synthesized image of Cl J0152:71357, obtained
by applying a Gaussian taper with a half-power radius ofA\ltd the u-v data, yielding a resolution af51' x 87!9 &®.A.= 4°. Contours are multiples of
480 uJy beam® (1.5 0), and the rms is 320Jy beam®. Right panel: Synthesized image of MS 10544321, obtained by applying a Gaussian taper with a half-
power radius of 2 k to the u-v data, yielding a resolution of3'1 x 45/5 at P.A=2° . Contours are multiples of 429 beam® (1.5 o), and the rms is
80 uJy beam®. [See the electronic edition of the Journal for a color version of this figure.]

centroid and the point-source positions and fluxes at their best-by ~3%; the overall change is small because the effects of de-
fit values and calculate thg® statistic over a large range of creased distance are offset by a compensating change fp the
6.-, B-, andAT, -values. For a given electron temperaliyre , the scaling relation.
B model then yields the gas density profigd ) at eathg, ,
AT,) point. The gas mass and the total cluster mass can be
calculated directly fronm,(f ), assuming that the intracluster me-
dium is in hydrostatic equilibrium with the cluster potential. Synthesized images of the SZE toward Cl J122@3832,
Following the methods outlined in Grego et al. (2001), we cal- Cl J0152.71357, and MS 105440321 are shown in Fig-
culate the gas mass, total mass, and gas mass fraction over there 1. The SZE decrement is detected with high significance in
(6., B, AT,)-grid and report the total mass values for which the all of these distant clusters, and the locations of the SZE and
x° statistic is within the 68% confidence interval® = 1 ). We X-ray centroids are consistent (Tables 1 and 3). Using the SZE
evaluate these quantities at an angular radius §fv@bere our data and the analysis techniques described in § 2.2, we determine
observational techniques best constrain the cluster gas mass fradche temperature and mass of each cluster (Table 3). X-ray tem-
tion (Grego et al. 2001). For clusters at 0.8 , this angular perature measurements for Cl J01521857 (Della Ceca et al.
radius corresponds to a physical radius of 34%) kpc for an 2000) and MS 105440321 (Donahue et al. 1998) are also
Qy = 0.3 Q, = 0.7 cosmology. shown in Table 3, and we find that these X-ray temperature
We can estimate the electron temperature directly from the measurements are consistent with the values inferred from the
SZE data by finding the range @f -values that yield a cluster SZE data within the stated uncertainties.
gas mass fractiord, , consistent with the mean value measured From the SZE data, we infer a total mass &f2 x
by Grego et al. (2001) for a sample of 18 clusters. To determine10* hg, M, within a radius of 65 (340h;, kpc) for each of
the gas mass fraction at,, for Cl J12263332, CI the clusters shown in Table 3. These mass calculations can be
J0152.7#1357, and MS 105440321, we scale the gas mass checked against values derived from gravitational lensing,
fractions measured at 6%o r.,, using relations derived from  X-ray, and optical observations of MS 1054.@321 (Donahue
numerical simulations (Evrard, Metzler, & Navarro 1996; Evrard et al. 1998; van Dokkum et al. 2000; Hoekstra et al. 2000).
1997), as discussed in Grego et al. (2001). This calculation isHoekstra et al. (2000) infer a total mass of (5:40.6) x
repeated for a number of different temperatures ranging from 10" hg, M within an aperture of radius 94To compare the
4-18 keV, and we report thHE?  -values that are consistent with SZE and gravitational lensing results, we calculate the gas mass
a mean value of (rs,;) = 0.081 (Grego et al. 2001) within the within a 94 radius aperture, for an electron temperature of
sample standard deviation of 0.04. To determine how sensitive10.4 keV: MS%(< 94") = (3.7 = 0.6) x 10" h ;,M , where
the derived mass and temperature are to the adopted cosmologictthe uncertainties reflect the statistical 68% confidence interval
model, we repeated the calculations above{gr= 0.3 and in modeling the SZE data. The total mass is estimated by scaling
Q, = 0.0. The SZE derived mass and temperature are reducedhis value by the mean gas mass fraction (§ 2.2), from which

3. RESULTS AND CONCLUSIONS

TABLE 3
CLUSTER PROPERTIES DERIVED FROM SZE MEASUREMENTS

CLUSTER PosITioN?

Aa AS TX T2 M, (<65

CLUSTER NAME (arcsec) (arcsec) (keV) (keV)  (x10“h™*Mg)
Cl J1226.9-3332...... 0.2 12.3 9.8'%¢ 2.7+ 05
Cl J0152.7-1357 ...... -1.8 -9.2 6577 87713 21+ 07
MS 1054.4-0321...... -7.8 -53 12.33;  10.433 23+ 0.3

2 Offsets from radio pointing center (Table 1).
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we obtain an SZE estimate of the total mass within‘ar@dius: J1226.9-3332 will be obtained from a weak-lensing analysis of
M3a(< 94") = (4.6 = 0.8) x 10™ hy, M. We find that the  wide-field imaging data taken with théubble Space Telescope
total mass estimated from the SZE data is consistent with theand the Subaru 8.3 m telescope.
lensing measurements of Hoekstra et al. (2000).

Based on the SZE data, we conclude that the newly discovered
clusters Cl J1226:93332 and Cl J0152:71357 are highly mas- We dedicate this Letter to the memory of our friend and
sive, with a total mass dfl3;, = 2 x 10" h;, M, within a  colleague Mark Warnock, who freely gave of his expertise and
radius of 65 (340h.3, kpc). These values are comparable to the time and made great contributions to the interferometric SZE
mass inferred from SZE imaging of tte= 0.83 cluster MS imaging experiment. We also thank Cheryl Alexander, Rick
1054.4-0321, which has been confirmed by X-ray, optical, and Forster, Steve Padin, Dick Plambeck, Steve Scott, David
gravitational lensing studies. These results demonstrate the abilWoody, and the staff of the BIMA and OVRO observatories
ity to determine cluster temperatures and masses from SZE datdor their outstanding support and Laurence Jones, Eric Periman,
without access to X-ray data and illustrate the power of using and Caleb Scharf for providing data on Cl J12263832 prior
deep SZE surveys to probe the distant universe. More preciseo publication. E. D. R. gratefully acknowledges support from
measures of the temperature and mass of Cl J1223892 and NASA GSRP Fellowship NGT5-50173. This work is supported
Cl J0152.7 1357 will be possible with deep X-ray imaging and by NASA LTSA grants NAG5-7986 (J. E. C., M. J.,, W. L. H.)
spectroscopy, which will be obtained within the coming year by and NAG5-8253 (H. E.). Radio astronomy at the BIMA mil-
the Chandra and XMM X-ray observatories; with these data in limeter array is supported by NSF grant AST 96-13998. The
hand, the SZE measurements can be used to measure the distanG&/RO millimeter array is supported by NSF grant AST 96-
to each cluster (Reese et al. 2000) and to further constrain theirl3717. The funds for the additional hardware for the SZE
density, mass, and gas mass fraction (Grego et al. 2001). Ad-experiment were from a NASA CDDF grant, an NSF-YI
ditional, independent constraints on the mass distribution in Cl Award, and the David and Lucile Packard Foundation.
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